Gas-liquid chromatographic retention times for 20 purines or purine nucleosides, 14 of which are highly active cytokinins, are reported. With one exception, all of the naturally occurring cytokinins are separated.
The biosynthesis and mechanism of action of cytokinins in higher plants are currently the subjects of considerable interest (see recent reviews 5, 10, 16, 17) . Since progress in this area has been limited by tedious purifications and time-consuming biological assays, an analytical and preparative method is needed which would quantitatively and qualitatively measure the cytokinins present both in t-RNA and in soluble fractions. Gas-liquid chromatographic analysis would provide such a system, if it could be made applicable to extracts of biological materials. GLC' detection and isolation have been utilized in the identification of the gibberellins (3) . Recently, Davis et al. (4) have extended the use of GLC to detection of indoleacetic acid and abscisic acid. Trimethylsilyl derivatives of purines, pyrimidines, nucleosides, and nucleotides have been utilized in GLC studies (7, 8, 23) and in coupled gas-liquid chromatographic-mass spectrometric studies (19) . Conditions for GLC of TMS cytokinins have been published (21) .
We utilized two natural sources of cytokinins: yeast t-RNA and culture filtrates from Agrobacterium tumefaciens, the causal organism of crown gall. Yeast t-RNA is known to contain the cytokinin 6-(3-methyl-2-butenylamino)-9-3,D-ribofuranosylpurine in approximately 0.065 mole % of the total bases (22) . Braun and Abbreviations: GLC, gas-liquid chromatography; TMS, trimethylsilyl-; 2iP and 2iPA, 6-(3-methyl-2-butenylamino)purine and its 9-3,D-ribofuranoside, respectively; DMF, dimethylformamide; BSTFA, bis(trimethylsilyl)trifluoroacetamide; 2MS and 2MSA, methyl-2-butenylamino)-2-methylthiopurine and its 9-,B,D-ribofuranoside, respectively; 3iPA, 6-(3-methyl-3-butenylamino)-9,B,D-ribofuranosylpurine.
his co-workers recently demonstrated that bacteria-free gal tissue produced under the influence of A. tumefaciens contains cytokinin-like activity (27) . The structure of the substance(s) from the gall tissue remains to be elucidated. Klimbt (13) reported the isolation of material with cytokinin-like biological activity from extracts of A. tumefaciens culture filtrates. His material had an ultraviolet spectrum suggestive of a purine and could not be separated from 2iP by paper chromatography. The highly active cytokinin, 6-(3-methyl-2-butenylamino)purine was identified after isolation from culture filtrates of Corynebacterium fascians (12, 14) , by the same procedures.
We now report a procedure for extraction and GLC detection of cytokinins from natural sources, and for isolation of these substances in substantially purified form. METHODS Biological. A. tumefaciens strain B6 was grown in a defined liquid medium (20) supplemented with double concentrations of the micronutrients reported by Klambt et al. (14) . The cultures were agitated on a mechanical shaker at 28 C for 60 hr.
Bioassays were performed with Wisconsin No. 38 tobacco pith callus as previously described (11) except that only zero time and late log phase (25 days) weights were obtained.
Preparation of Extracts. Yeast t-RNA (60 mg) was hydrolyzed at room temperature by a modification of the procedure described by Robins et al. (22) . The t-RNA was dissolved in 4 ml of 5 mM MgCl2 containing 4.5 mg of Crotalus adamanteus venom and 0.1 mg of Escherichia coli alkaline phosphatase. The pH was adjusted to 8.6 initially and every 30 min thereafter for the first 8 hr by additions of sodium hydroxide. After the first 8 hr an additional 2 mg of venom were added, and incubation was continued for a total of 20 hr. After hydrolysis the sample was chilled to 4 C and centrifuged to remove any precipitated material. The supernatant fraction (pH 8.6) was diluted 5-fold with water and extracted three times with 0.5 volume of ethyl acetate. The ethyl acetate extracts were combined and concentrated to dryness under a stream of nitrogen gas.
Culture filtrates of A. tumefaciens were adjusted to pH 7.5 or 8.0 with sodium hydroxide and extracted four times with 0.5 volume of ethyl acetate. The ethyl acetate was removed in a rotary evaporator, and the residue was taken up in a small volume of absolute ethanol. The ethanol was removed in a rotary evaporator, and the dry residue was stored in a desiccator until further use.
Silylation. The dry residue was dissolved in ethanol. A sample for analysis was placed in a microsilylation vessel and concentrated to dryness under a stream of nitrogen. The sample was then taken up in a small volume of acetone-benzene, 1 :1 (v : v), and concentrated to dryness. This procedure was repeated two or three times to remove traces of water. Equal volumes (usually 543 10-20 ul) of dimethylformamide and bis(trimethylsilyl)trifluoroacetamide (25) were added to the residue. The reaction vessel was fitted with a small cold finger to reduce evaporation during silylation, and the mixture was maintained at 60 C for 2 to 4 hr. A portion of the resulting solution was injected directly into the GLC column.
Gas-Liquid Chromatography. All GLC was performed in a model 1520-A Aerograph gas chromatograph2 fitted with glass columns (1.5 m X 1.5 mm) containing 2%o QF-1 on 80 to 100 mesh Gas-Chrom Q at a carrier gas flow rate of 28 ml,'min (measured at the detector). For analytical chromatography, N2 carrier gas and flame ionization detection were used. Preparative chromatography was performed in dual columns with He as carrier gas and thermal conductivity detectors. Fractions were collected by passing the effluent carrier gas through a vessel containing glass wool which had been moistened with ethanolwater (17:3, v:v) . The glass wool and tube were washed with the same solvent to recover the sample.
Thin Layer Chromatography. Thin layer chromatography was performed on Eastman Chromogram 6060 silica gel plates (with fluorescent indicator). Plates were developed with a 9:1 mixture of chloroform to methanol. Fractions for bioassay were recovered by scraping off the appropriate zones and eluting the material with absolute ethanol. The amount of cytokinin in the eluate was estimated by ultraviolet absorbance assuming that all of the absorbance at 269 nm was due to 2iP or its riboside 2iPA (Emax = 20 x 103 for both compounds). The ethanol eluate was then dried under a stream of N2 and incorporated in the bioassay medium as described (11) .
Ultraviolet spectra were obtained with a Cary model 15 spectrophotometer. All reagents used were the best commercial grades available. Ethyl acetate was redistilled prior to use. BSTFA was obtained from the Regis Chemical Company. Adenine, guanine, 6 -benzylaminopurine and its 9-0, D-ribofuranoside, adenosine, guanosine, 6-furfurylamino-9-f, D-ribofuranosylpurine (kinetin riboside) were obtained commercially. Samples of 6-(4-hydroxy-3-methylbutylamino)purine (dihydrozeatin), 6-(3-methyl-2-butenylamino)-2-methylthiopurine and its 9-f,D-ribofuranoside, 6-(3-hydroxy-3-methylbutylamino)purine, 6-(3-methyl-3-butenylamino)-9-f,D-ribofuranosylpurine, 6-(3-methylbutylamino)-9-0, D-ribofuranosylpurine, and 6-(4-hydroxy-3-methyl-2-trans butenylamino)-9-f,D-ribofuranosylpurine (zeatin riboside) were obtained from Dr. Folke Skoog, Department of Botany, University of Wisconsin, and Dr. Nelson J. Leonard, Department of Chemistry, University of Illinois. Compounds synthesized and methods used for preparation include 6-(4-hydroxy-3-methyl-2-trans-butenylamino)purine (zeatin) (24) , 2iP (9), kinetin (2), and 6-methylamino-purine (methyladenine) which was synthesized from 6-chloropurine and aqueous methylamine, by a method analogous to that used for 6,6-dimethylamino-7-methylpurine (26 Retention time of guanosine = 1.00. 2 Only a single peak was obtained when nearly equal quantities of these groups of compounds were injected simultaneously: methyladenine and adenine; guanosine, 3iPA, and 6-(3-methylbutylamino)-9-B, D-ribofuranosylpurine; zeatin riboside and 2MSA.
I Three distinct peaks were obtained when nearly equal quantities of these compounds were injected simultaneously.
riboside, all of the purine cytokinins which have been reported to be naturally occurring are separated by this system. Since those compounds which remain unseparated in this GLC system can be distinguished from one another by their ultraviolet or mass spectra, and since they are readily separable by other procedures such as thin layer chromatography, this lack of resolution should not interfere with the use of a GLC isolation procedure. In a similar manner, guanosine can be readily distinguished from 6-(3-methylbutylamino) -9-f,D-ribofuranosylpurine. The results obtained by using pure compounds indicate that it should be possible to detect cytokinins in natural extracts by GLC.
Since the cytokinins are present in relatively low concentrations, either in t-RNA (t-RNA-cytokinins) or as small molecules (free cytokinins) a selective extraction was employed before GLC detection of cytokinins was possible. Ethyl acetate extraction from slightly basic solutions was previously used to separate 2iPA from adenosine (6 Figure 1 shows the results of GLC of the silylated mixture. A peak at the retention time corresponding to TMS-2iPA was separated from the peak for TMS-guanosine. When the silylated reaction product from yeast t-RNA was mixed with TMS-2iPA and then chromatographed, the peak corresponding to TMS-2iPA was increased in height, but not width, indicating that this component of yeast t-RNA hydrolysate was not separated from known 2iPA (Fig. 1) . A larger portion of the silylated t-RNA extract was chromatographed, and the material in the peak corresponding to the retention time of 2iPA was collected by the procedure described above. The resulting fraction had an ultraviolet spectrum indistinguishable from that of 2iPA and that amount of activity in the tobacco callus bioassay which would have been expected had all of the ultraviolet-absorbing material been 2iPA (Table II) Figure 2 . A small but definite peak at the retention time corresponding to 2iP can be seen at 5.4 min. On the other hand, 2iPA was either absent or present in very low quantities as evidenced by the lack of a significant peak at 13.8 min. When TMS-2iP was added to the silylated A. tumefaciens extract, good cochromatography occurred, as shown in Figure 2 .
The remainder of the A. tumefaciens extract was silylated and chromatographed on the same column, and the peak corresponding to the retention time of TMS-2iP (4.8-5.8 min) was collected. The resulting fraction had ultraviolet spectra (220-340 nm) in neutral, acidic, and basic solutions which were typical of N6-monosubstituted adenines (15, 26) Thin layer chromatography of the GLC product with 9:1 chloroform-methanol yielded a single fluorescence quenching spot at RF 0.68 both for the unknown and for 2iP. Cochromatography with known 2iP gave a single spot at the same RF. The GLC product from A. tumefaciens was eluted from the thin layer plate and bioassayed for cytokinin activity with tobacco callus. The eluate from the region to which 2iP would have traveled contained an active cytokinin. The amount of cytokinin activity found was equivalent to that which would be expected had all the ultraviolet-absorbing material in the eluate been 2iP (Table II) .
DISCUSSION
Culture filtrates of A. tumefaciens contain a cytokinin which is indistinguishable from 2iP by gas-liquid or thin layer chromatography, by ultraviolet spectrum, and by biological activity. This tentative identification is further strengthened by the fact that the GLC procedure used would have separated this product from all known, naturally occurring purine cytokinins other than 2iP.
The results presented above demonstrate the applicability of gas-liquid chromatography to the detection, isolation, and tentative identification of cytokinins from natural sources. All of the naturally occurring purine cytokinins were separated from one another and from other purines and purine ribosides normally found in cells, with the exception of zeatin riboside and 2MSA. Since these two compounds have slightly different retention times when run separately, it is likely that a different chromatographic system can be found which will resolve this pair. Ethyl acetate extraction achieves a selection for cytokinins over the other neutral and basic water-soluble components of extracts or of t-RNA hydrolysates and thus minimizes interference from other compounds. Since the sensitivity of this method is limited only by the sensitivity of the gas chromatograph used, it is possible to perform analyses on small quantities of material (e.g., 10-20 ml of bacterial culture filtrate or a few milligrams of t-RNA). Additional work may make it possible to use this technique quantitatively.
Isolation of cytokinins by ethyl acetate extraction followed by gas-liquid chromatography yields compounds of sufficient purity for further identification by physical or chemical means. For example, the GLC-purified 2iP from A. tumefaciens culture filtrates had an ultraviolet spectrum in neutral, acidic, and basic solutions diagnostic of N6-substituted adenines. Thus, it was substantially free from other compounds with significant absorbance in the ultraviolet (220-340 nm). Apparently, hydrolysis of the TMS derivatives is sufficiently rapid in the ethanol-water (17:3) which is used during collection that free cytokinins are obtained immediately. These fractions may be suitable for chemical characterization by other physical methods such as nuclear magnetic resonance or mass spectrometry.
Only one major GLC peak was obtained for most of the compounds tested. On this basis we tentatively conclude that these substances formed single TMS derivatives under the silylation conditions used. Adenosine and kinetin apparently form two distinct TMS-derivatives under our conditions, since they reproducibly yielded two GLC peaks (19) (Table I) . We did not attempt to determine the degree of silylation of any of these compounds (i.e., the number of TMS groups per mole).
Retention times of the cytokinins varied from column to column, and frequently, from day to day. However, relative retention times have been more nearly constant and elution order has not changed. In addition, retention times on any given day have been reproducible. The necessity of running standards frequently and of examining unknowns by cochromatography cannot be overemphasized.
Since gas chromatography can separate cytokinins from other components, at least in bacterial culture filtrates and t-RNA hydrolysates, mass spectrometry in combination with gas chromatography should yield qualitative and quantitative analyses of most cytokinins from natural sources with a minimum of effort. With the aid of additional separation steps, these analyses should be extendible to other natural sources, including higher plants. Since gibberellins, abscisic acid, and indoleacetic acid are also measureable by GLC (3, 4) , it may be possible in the near future to measure the entire content of known plant growth regulatory substances in various natural sources by this simple, rapid technique.
Note Added in Proof. D. F. Babcock and R. 0. Morris (personal communication) have developed a method for GLC determination of levels of cytokinins in tRNA hydrolysates. They have demonstrated the applicability of this method to hydrolysates of tRNA from E. coli, peas and yeast.
